On the mechanism of pressure rise in vented explosions: A numerical study by Ruipengyu Li (1384551) et al.
Accepted Manuscript
Title: On the Mechanism of Pressure Rise in Vented
Explosions: A Numerical Study
Author: Ruipengyu Li Weeratunge Malalasekera Salah
Ibrahim Bo Liu
PII: S0957-5820(18)30202-7
DOI: https://doi.org/doi:10.1016/j.psep.2018.05.026
Reference: PSEP 1397
To appear in: Process Safety and Environment Protection
Received date: 9-3-2018
Revised date: 4-5-2018
Accepted date: 25-5-2018
Please cite this article as: Ruipengyu Li, Weeratunge Malalasekera, Salah
Ibrahim, Bo Liu, On the Mechanism of Pressure Rise in Vented Explosions: A
Numerical Study, <![CDATA[Process Safety and Environmental Protection]]> (2018),
https://doi.org/10.1016/j.psep.2018.05.026
This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.
Page 1 of 38
Ac
ce
pte
d M
an
us
cri
pt
On the Mechanism of Pressure Rise in Vented Explosions: A
Numerical Study
Ruipengyu Lia,∗, Weeratunge Malalasekeraa, Salah Ibrahimb, Bo Liuc
aWolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough
University, Loughborough, LE11 3TU, UK
bDepartment of Aeronautical and Automotive Engineering, Loughborough University,
Loughborough, LE11 3TU, UK
cDepartment of Mechanical Engineering, University of Sheffield, Sheffield, S1 4ET, UK
Abstract
Accidental gas explosions are a significant concern in process industries. In an
explosion event, the promotion of flame acceleration due to turbulence generated
from obstacles is responsible for many severe damages. This paper discusses the
numerical evaluation and the mechanism of pressure rise in vented explosions in
the presence of obstructions using computational fluid dynamics (CFD). The large
eddy simulation (LES) technique is employed with a dynamic flame surface density
(DFSD) in the combustion model to account for the filtered chemical source term.
The experimental test case considered for the validation of simulations is a small-
scale explosion chamber with removable baffle plates and obstacles. It is found
that the maximum overpressure increases with the baffle plates moved downstream
from the ignition source or when additional baffles are placed in sequence. Large
separation between baffles and the central obstacle results in lower overpressure due
to the relaminarisation of the flame front. The trend of explosion overpressure is
related to the competition between the strength of venting and expansion in the
explosion chamber. Extensive interactions between the flame and the obstruction-
generated turbulence are found to wrinkle the flame front and increase the burning
rate. Satisfactory agreements have been obtained between LES and the experimental
data. This confirms the capability of the developed model in predicting essential
safety-related parameters in vented explosions. Results reveal the potential of using
LES in the selection of design aspects for loss prevention, such as the area of vents
and distance between congested regions in chemical processing plants.
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1. Introduction
Accidental release of flammable gas or vapour into a cloud may produce a com-
bustible fuel-air mixture. In such a situation a deflagration wave can be triggered if a
suitable ignition source is present. It may subsequently lead to high overpressure in
the presence of confinements and obstructions. Gaseous explosion hazards often lead
to the destruction of buildings, off-shore plants and process industries. The damage
caused by the initial overpressure is generally more severe than the ensuing fires.
Figure 1 briefly illustrates the mechanism of pressure build-up in partially-confined
vented explosions with the presence of obstacles.
Expansion
Venting
Flow 
Turbulence
Obstacles
Combustion
Pressure 
build-up
+
Ignition of 
flammable 
gases
+
-
Figure 1: Illustration of the mechanism driving pressure rise in a vented explosion with obstruc-
tions. Positive effect (+). Negative effect (−). The strength of gas expansion and venting deter-
mines the overpressure build-up. Obstacle-generated turbulence promotes the combustion rate.
Explosions in process industries are often highly complex, and predicting the
produced overpressure for safety guidance could be a challenging task. In the final
report of the Buncefield incidence (Powell, 2008), for example, the investigation
board estimated that 700 to 1000 mbar of overpressure would have been generated
in the Northgate and Fuji car parks of the site, based on the degree of damage
to the adjacent buildings. However, overpressure calculation using available simple
models largely underestimated the case, giving only up to about 50 mbar in a similar
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environment. This indicates the uncertainties in the overpressure predictions and
the complex mechanism involved in the explosion at the Buncefield scenario.
Parameters such as maximum explosion overpressure and its time of incidence
are important for design engineers and safety managers. Hence, there is a growing
need for prediction and risk assessment tools for the safe design of many industrial
structures and processes. However, the timing and magnitude of overpressure in
explosions depend on various conditions including the type of the fuel (Alharbi
et al., 2014), the stoichiometry (Alharbi et al., 2014), ignition location (Rocourt
et al., 2014) and the configuration of obstruction (Ibrahim et al., 2009; Na et al.,
2017), etc. Thus, accurate prediction and assessment of explosion is a challenging
task.
There have been several early attempts to use simple correlations and formulas
for predictions of explosion pressures in compartments (Bjerketvedt et al., 1997).
However, the typical weakness with such formulas is that they do not take into ac-
count turbulence generation and flame acceleration, therefore, the results can be an
order of magnitude different from experiments (Bjerketvedt et al., 1997). Numeri-
cally solving a simplified series of governing equations is another approach to obtain
pressure history in simple vessels (Chippett, 1984). Very recently, a computational
platform has been proposed to account for various vent sizes and container shapes
in vented explosions (Ugarte et al., 2016). The main advantage of such numeri-
cal calculations is the much cheaper computational cost compared to 3-D numerical
simulations and they also account for simple flame shapes and geometries. However,
as a typical explosion in process industries often involves obstacles such as complex
pipes racks or congested plants, such zero-dimensional models are generally unable
to consider the effects of obstacle-generated turbulence and flame stretch.
Applying computational fluid dynamics (CFD) in process and plant safety is a
relatively new research field. Thanks to the improvements in computational tech-
nology and resources, CFD is becoming a more attractive and reliable tool as an
alternative to experiments in process industries. Reynolds-averaged Navier-Stokes
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(RANS) methods have been applied in studying explosions for safety-related struc-
tures (Birkby et al., 2000; Catlin et al., 1995; Popat et al., 1996). While RANS-based
method remains as the major numerical tool in explosion-related studies, the accu-
racy is generally not sufficient and a certain degree of tuning of model parameters
is usually required. Although it is computationally more expensive, the large eddy
simulation (LES) technique is emerging to be applicable to simulate unsteady flows
in practical industrial devices. Explosions in vessels with obstacles are highly un-
steady and often involve complicated flow patterns such as shear layers and recircu-
lation zones, and LES is expected to provide more promising predictions compared
to RANS. There have been a few studies of explosion-related scenarios where sim-
ulations have been performed using LES (Chen et al., 2017; Di Sarli et al., 2009;
Ibrahim et al., 2009; Wen et al., 2012).
The central matter of using LES in safety-related studies is the inclusion of sub-
models for the closure of the filtered chemical source term. The issue is that the
flame thickness is generally smaller than the LES grid size, meaning combustion
needs to be modelled completely. One solution is to introduce a spatial filter larger
than the mesh size to resolve the filtered flame on LES (Boger et al., 1998). It gen-
erally involves solving a transport equation for the filtered reaction progress variable
with the source term modelled using the flame surface density (FSD) approach. The
original Boger et al. (1998) algebraic FSD model has been refined subsequently to
include the control of filtered flame thickness and reproduction of laminar propaga-
tion speed when turbulence effects diminish (Boger and Veynante, 2000). A dynamic
procedure (Wang et al., 2012) was also proposed recently in which the subgrid-scale
(SGS) part of the flame wrinkling is evaluated dynamically. The dynamic flame
surface density (DFSD) model was first proposed in simulating a growing turbulent
flame kernel and it is further adapted for present explosion study. It is advanta-
geous because the model coefficient is self-adjusted depending on the wrinkling of
the resolved flame. This is considered beneficial in safety-related simulations as an
explosion is highly dynamic and the flame can transit from initially laminar to fully
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turbulent in the presence of obstacles. Furthermore, since explosions can occur in
both small and large scales, the DFSD model is expected to perform better com-
pared with the more common algebraic models where the model parameter may
require tuning from case to case.
The ultimate purpose of this research is to develop LES sub-models and tools for
realistic explosion scenarios where the scales can range from several meters to hun-
dreds of meters. It is thus essential to ensure that LES can capture all phases of an
explosion event and the starting point is to study a small-scale experiment of vented
explosion (Alharbi et al., 2014). The first objective of this paper is to investigate the
mechanism of pressure rise and flame acceleration in vented explosions with obsta-
cles using LES. The second is to assess the capability of LES and the DFSD model in
capturing the unsteady explosion behaviours and predicting essential safety-related
parameters. Calculations of a wide range of obstacle arrangement in the explosion
chamber are performed to explore aspects such as the effects of location and num-
ber of obstacles as well as the level of blockage. The present work aims to provide
detailed information of a typical vented deflagration including overpressure history,
flame speed, flame/turbulence interaction and venting effectiveness, which can be
further used in the design and assessment of buildings and process plants. The com-
putational setup presented in this paper may also be extended to large-scale and
more complex cases of the vented explosion that typically occur in the processing
industries. In addition, it may be further applied to calibrate existing or provide
new engineering correlations and models in the industry to better understand and
predict turbulence-driven explosions.
2. Experimental test case
The experimental test case from the Sydney combustion group (Alharbi et al.,
2014) is used here for model validation and analysis. The schematic diagram of the
laboratory-scale explosion rig is shown in Figure 2a.
The 50 × 50 × 250 mm chamber is square in cross-section and has a volume
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Figure 2: Specifications of the explosion chamber used in the experiment (Alharbi et al., 2014)
(Dimensions are in mm).
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of 0.625 L. It can accommodate three baffle plates positioned at 20 mm, 50 mm
and 80 mm from the base to create varying degree of blockage (obstruction). Each
baffle plate, a schematic of which is also shown in Figure 2b, consists of five 4-mm
wide strips each with a 5-mm wide space spreading them throughout the chamber,
creating a blockage ratio of 0.4. Downstream of the baffle plates, a further solid
obstruction with a square cross-section may be placed with its bottom surface kept
at 96 mm from the base. Two solid obstacles can be used, a small one with a cross-
section of 12 × 12 mm or a large one with a 25 × 25 mm cross-section. The blockage
ratios of the two square obstructions are 0.24 and 0.5, respectively. This chamber is
of specific interest due to its smaller volume and its capability to hold a deflagrating
flame, resulting from the strong turbulent environment generated by solid obstacles
at different downstream locations from the closed bottom end.
The present study focuses on the liquefied petroleum gas (LPG). It constitutes
95% C3H8, 4% C4H10, 1% C5 and other hydrocarbons by volume. Thus, LPG has
been approximated by its dominant component (propane) in the LES simulations.
In the experiments, the stoichiometric fuel-air mixture is injected and allowed to
rest. Hence, the initial turbulence level is considered low. Subsequently, the quies-
cent mixture is ignited by focusing an infrared output from a Nd:YAG laser 2 mm
above the base and this marks the start of each experiment, or time zero. Venting
at atmospheric pressure is maintained at the top of the chamber throughout the ex-
plosion process. Pressure is measured using two Keller type PR21-SR piezoelectric
pressure transducers at 25 kHz, located in the base plate as well as in the wall of
the chamber just upstream of the exit plane.
For the present investigation, eight configurations with different number and
position of baffle plates are studied. In order to facilitate the discussion in the
remainder of this paper, detailed analysis of pressure trends and flame behaviours
are only given for five configurations. These are clustered into two families as shown
in Figure 3 and Figure 4. Each configuration has an associated code representing
the number and position of obstructions. For example, configuration BB0S indicates
7
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(a) 00BS (b) 0BBS (c) BBBS
Figure 3: Configuration 00BS, 0BBS, and BBBS in family 1 (not to scale). Baffles are progressively
increased and kept furthest from ignition end.
(a) B00S (b) BB0S (c) BBBS
Figure 4: Configuration B00S, BB0S, and BBBS in family 2 (not to scale). Baffles are progressively
increased from the ignition end.
8
Page 9 of 38
Ac
ce
pte
d M
an
us
cri
pt
baffles at the first two locations near the ignition end and a small solid square
obstacle. Family 1 intends to investigate the effects of increasing the number of
baffle plates starting from one baffle furthest from the ignition point (configuration
00BS, 0BBS and BBBS), while family 2 is to study the impact of increasing baffle
plates starting from one plate closest to the ignition point (configuration B00S, BB0S
and BBBS).
3. Numerical setup
This section provides the basic setup for the simulations performed in this paper.
It focuses on the DFSD model and an effective way of providing the profile of the
initial flame kernel. The full governing equations and other numerical details for
simulations in this paper can be found elsewhere (Kirkpatrick et al., 2003) and only
a brief description is given here.
3.1. The dynamic flame surface density model
The structure of a premixed flame and the thermochemical state of the gas
mixtures are commonly represented by a single progress variable c. It may be
defined by the normalised fuel mass fraction, temperature, etc. so that c = 1 in
the fully burned gas and c = 0 in the fresh unburned gas, under the assumption
of single-step chemistry and unity Lewis number (Bray et al., 1985). In LES, the
filtered transport equation for c˜ is (Boger et al., 1998)
∂ρc˜
∂t
+
∂
∂xi
(ρu˜ic˜) = − ∂
∂xi
(ρuic− ρu˜ic˜) + ∂
∂xi
(
ρD
∂c˜
∂xi
)
+ ω˙c (1)
The filtered reaction rate term, ω˙c, may be modelled as (Boger et al., 1998)
ω˙c = ρuS
0
LΣ (2)
by introducing the subgrid-scale flame surface density Σ. The flame surface density
is generally determined from an additional transport equation (Hawkes and Cant,
9
Page 10 of 38
Ac
ce
pte
d M
an
us
cri
pt
2000) or modelled using algebraic expressions (Boger et al., 1998; Boger and Vey-
nante, 2000). In this work, the Boger et al. (Boger et al., 1998; Boger and Veynante,
2000) parabolic algebraic expression is retained as
Σ = 4
√
6
pi
Ξ∆
c˜ (1− c˜)
∆
(3)
where ∆ is the filter width and Ξ∆ is the subgrid-scale flame wrinkling factor. Note
that ∆ should be larger than the mesh size ∆x (typically ∆ ≥ 5∆x) so that the
filtered progress variable gradients can be well resolved on an LES g id (Boger
et al., 1998; Mercier et al., 2015). ∆ = 6∆x is used in present study. The c˜-equation
adopted for the present study is (Boger and Veynante, 2000; Wang et al., 2012):
∂ρc˜
∂t
+
∂
∂xi
(ρu˜ic˜) =
∂
∂xi
ρuΞ∆S0L∆
16
√
6/pi
∂c˜
∂xi
+ 4ρuS0L
√
6
pi
Ξ∆
c˜ (1− c˜)
∆
(4)
where the modified diffusion term is included to control the filtered flame thickness
and to reproduce the correct laminar propagation speed in the absence of subgrid-
scale turbulence effect (Boger and Veynante, 2000; Ma et al., 2013; Mercier et al.,
2015).
The SGS flame wrinkling factor Ξ∆ measures the ratio between total and resolved
flame surfaces locally and the Wang et al. dynamic model (Wang et al., 2012) is
used for the present investigation:
Ξ∆ =
(
∆
δc
)β
(5)
where the inner cut-off scale δc (Gu¨lder and Smallwood, 1995; Knikker et al., 2002)
is prescribed by the user and should be of the order of the laminar flame thickness,
δ0L. In present work, δc = 4δ
0
L is used (Veynante and Moureau, 2015). The model
parameter β is determined dynamically by comparing the test-filtered and resolved
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flame fronts (Wang et al., 2012; Veynante and Moureau, 2015):
β ≈ ln
(〈 ̂|∇c˜|〉/〈|∇̂˜c|〉)
ln
(√
1 +
(
∆̂/∆
)2) (6)
where ∆̂ is the width of the test filter. Here, the test-filtering ( ·̂ operator) and the
spatial-averaging (〈·〉 operator) procedures are carried out using a Gaussian filter
(Boger et al., 1998; Wang et al., 2012). The test-filter and averaging-filter widths are
set as ∆̂ = 1.1∆ and ∆m = 1.5∆̂, respectively (Veynante and Moureau, 2015). The
unstrained laminar burning velocity and flame thickness are set as S0L = 39.0 cm/s
(Metghalchi and Keck, 1980) and δ0L = 0.37 mm (Wang et al., 2012), respectively,
for the stoichiometric propane/air mixture.
3.2. Flame kernel initialisation
Ignition is a complex phenomenon and LES can only resolve a flame of the
size typically larger than the filter width ∆, therefore the very early stage of flame
kernel formation is not considered for the present study. Simulation is initiated by
imposing a flame kernel of burned gases at the position of the ignition source. The
initial profile of filtered progress variable c˜ across the flame front is given by filtering
the steady solution of one-dimensional propagating laminar flame under the LES
filter scale ∆.
The procedure practically includes 1-D calculation of laminar flame with detailed
chemistry, filtering the flame profile according to the LES filter size and impose a
filtered burned flame kernel on the LES grid. First, a one-dimensional calculation of
stoichiometric propane/air mixture is performed using a detailed chemical reaction
mechanism, GRI 3.0 (Smith et al., 1999) in a specialised software, FlameMaster
(Pitsch, 1998). Note that the resulting flame profile is thinner than the mesh size of
LES. Hence, a one-dimensional Gaussian filter (Fiorina et al., 2010) is employed to
obtain the filtered progress variable c˜ under specified LES filter size ∆. Finally, a
semi-spherical flame kernel is imposed at the ignition point of the chamber and the
11
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initial radius of the burned gases is set to 3 mm for all flow cases.
3.3. Solution details
LES computation has been carried out using the structured in-house code PUF-
FIN (Kirkpatrick et al., 2003). The DFSD model described above has been suc-
cessfully implemented and tested in PUFFIN. Simulations are performed using an
initially stagnant propane/air mixture of equivalence ratio 1.0.
The computational domain of the explosion chamber has dimensions of 50 × 50
× 250 mm. It is adequately extended to 325 mm in x, y and 500 mm in the z
direction. A non-reflecting boundary condition (Kirkpatrick et al., 2003) is applied
on the boundaries of the extended domain, in order to minimise the effect of reflected
pressure waves on the pressure field inside the chamber.
The chamber domain constitutes 85 × 85 × 423 cells in the x, y and z directions,
respectively. The cells within the chamber are distributed uniformly, giving a grid
size of ∆x ≈ 0.59 mm. The mesh size is chosen to ensure that the filtered flame
thickness is smaller than the gaps between the strips of the baffle plates. Outside
the explosion chamber, the grid is expanded toward the far-field boundaries to save
computational time. Adiabatic and no-slip boundary conditions are employed on the
chamber bottom and side walls with the 1/7th power law wall function of Werner
and Wengle (Werner and Wengle, 1993) used to calculate the shear stress at the
solid wall. Subgrid-scale turbulence is modelled using the dynamic Smagorinsky
eddy viscosity model (Germano et al., 1991).
Conservation equations for scalars use second-order central difference scheme for
diffusion terms. SHARP (Leonard, 1987) is used for advection terms of the scalar
equations to avoid problems associated with oscillations in the solution. Crank-
Nicolson scheme is used for the time integration of scalar equations. Further details
of the numerical scheme are given in (Kirkpatrick, 2002).
Three numerical grids have been studied in order to examine the solution de-
pendence on the mesh resolution. However, only the results of the fine grid are
presented in this paper. The quality of LES for present grid resolution is charac-
12
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terised according to Pope’s criterion (Pope, 2004). It is ensured that at least 80%
of the total turbulent kinetic energy is resolved in the majority of the flame region,
considering the fully turbulent phase of the explosion in configuration BBBS. All
the LES simulations are performed on an HP Z420 workstation with an Intel Xeon
3.5 GHz processor. Under the current grid resolution, a run for the case BBBS (the
most turbulent and time-consuming) requires 408 CPU hours until the leading edge
of the flame exits the explosion chamber.
4. Results and discussions
The results of stagnant, stoichiometric propane/air explosion deflagrating flames
in a range of configurations are presented and discussed in this section. The first
aim is to demonstrate the mechanism of pressure rise in vented explosions. The
focus is on the advantage and potential of using LES in providing adequate infor-
mation in order to aid safe design in relevant process industries, e.g. computation of
gas expansion and venting rates can help optimise the design of vents in industrial
buildings to minimise major destruction caused by high overpressure. The second
aim is to assess the ability of LES and the implemented DFSD model in capturing
key characteristics of explosion dynamics and predicting the essential safety-related
parameters such as the peak overpressure in the chamber. A particular interest is
to analyse the underlying physics associated with flame-solids interactions and illus-
trate the effects of number and location of obstructions in selected configurations.
4.1. Qualitative study of flame propagation
This section aims to illustrate the typical flame behaviours occurring in vented
explosions with repeated obstructions. Figure 5 displays a sequence of high-speed
images of laser-induced fluorescence from OH (LIF-OH) from the experiment and
calculated resolved FSD contours from LES in the configuration BBBS. Note that
the LIF-OH images only mark the reaction zone qualitatively, and large values of
resolved FSD indicates the numerical reaction zone calculated from LES. Due to
some difficulties in the experiments, two imaging tiers were used to capture the
13
Page 14 of 38
Ac
ce
pte
d M
an
us
cri
pt
Figure 5: Time sequence of flame propagation in configuration BBBS. Top: LIF-OH images (false
colourised) (Al-Harbi, 2013). Bottom: LES images (coloured by the resolved part of the FSD).
Physical times after ignition are indicated at the top of each image. Time instant when the position
of flame leading edge from LES matches the corresponding LIF-OH image (t0).
14
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maximum viewable height but not the whole explosion chamber (Alharbi et al.,
2014). Note that the right-hand side of the LIF-OH images appear blank because the
laser sheet is blocked in the corresponding region (Al-Harbi, 2013). These high-speed
images are compared with the contours of resolved FSD from LES to demonstrate
the flame shape and to validate the global degree of contortion in the flame at various
stages. As there is a slight time variation in flame position for each experimental
run, the starting time t0 of the first flame image from LES is chosen so that the
furthest flame leading edge matches that of the high-speed image. The time ntervals
between successive LES images are kept same as in the high-speed images.
After the initialisation of the ignition, a flame kernel is formed and grows hemi-
spherically. Evidently, from Figure 5, the leading edge of the flame hits the first
baffle plate and starts protruding through the narrow vents. As a result, the flame
separates into finger-like shapes. However, at this early stage, the flame is not much
wrinkled because the turbulence level is low behind the first baffle. Between the first
and the second baffle plates, the four finger-shape flame humps merge and are also
seen to propagate laterally towards the walls of the chamber. Note that the flame
forms four fingers again when hitting the second baffle plate. It is then subjected
to noticeable stretch due to higher local turbulence. After jetting out of the third
baffle, the flame becomes significantly stretched and wrinkled. It encounters the
central square obstacle at a very high speed and subsequently wraps around it. The
highly wrinkled flame front propagates past the last obstruction and gets recon-
nected quickly in the recirculation zone. After that, the flame propagates toward
the chamber exit.
Note that the ‘geometrical’ effect of obstacles with a sharp-edged cross-section
in the direction of flame propagation can be identified from the flame images. It can
be seen from the successive LES images that there are small packets of unburned
mixture trapped in the burned gases on the faces of some obstructions (e.g. strips
of the baffle plates), left by the distorted flame front wrapping around them. For in-
stance, the last images of both LES and experiments clearly show the trapped fresh
15
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gases in the recirculation zone downstream of the square obstacle. As a matter of
fact, the trapped fresh mixture is typically present in the upstream and downstream
regions of the baffle bars and the square obstacle and they will be consumed subse-
quently and contribute to the internal pressure rise of the chamber at later stages
of the explosion. Comparison between the LIF-OH images at 12 ms and 12.8 ms
and also between their corresponding LES images confirms that the trapped mix-
ture in the area upstream of the central obstacle has been burned. The numerical
and experimental images demonstrate the capability of reproducing flame structure,
propagation rates and the entrapment of the unburned gases at various stages of the
explosion using LES.
4.2. Explosion characteristics: family 1
Family 1 consists of configurations 00BS, 0BBS and BBBS with progressively in-
creasing number of baffle plates from one to three and positioned furthest from the
ignition bottom as displayed in Figure 3. Figure 6 presents the histories of overpres-
sure at the base of the chamber from LES and experiments for the configurations in
family 1. Some data processing of raw experimental pressure signals was conducted
to facilitate the comparison against the numerical results. First, pressure signals are
aligned based on the peak overpressure for each realisation and are then grouped in
a statistical envelope, in order to perform averaging and to visualise the variation
in overpressure magnitudes for all the signals. Next, the mean pressure trace is
plotted within the envelope to view the pressure trend and mean peak overpressure
from experiments. Lastly, as there is a slight shift in time due to the variability
in the ignition for each run, the variation in the time to reach the peak (referred
to as “time-to-peak”) is indicated in Figure 6. Experimental mean pressure trace
is placed according to the averaged times taken to reach the peak. Predicted LES
pressure is also plotted to compare with the experimental data.
It can be seen from Figure 6 that LES with the DFSD model is able to cor-
rectly predict the trend and magnitude of overpressure compared with experiments.
The calculated time instant for the peak overpressure also matches the experiments
16
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Figure 6: Comparison of predicted and measured pressure-time traces of family 1. Mean experi-
mental pressure signal (dashed line). Statistical envelope (grey background). The range of time
taken to the first peak overpressure in the experiment (“Time to peak”).
well. Furthermore, the predicted maximum overpressure is in good agreement with
experiments. This is encouraging because the peak pressure is one of the most im-
portant parameters used in the safe design of buildings and equipment. It can be
observed that the trend of overpressure rise is similar for all the three configurations
in family 1. It is apparent that following ignition, the pressure grows in a fluctuat-
ing manner but remains relatively low (less than 10 mbar) in the initial period of
the explosion. Then, it increases sharply up to the peak pressure and the process
is almost monotonic. Thereafter, the overpressure begins to drop, and it oscillates
towards the atmospheric pressure due to acoustics. It should be noted that consid-
ering the computational time and practical importance, calculated magnitudes of
subsequent weak pressure peaks are not validated in the present study. Figure 6
also shows the impact of number of baffle plates and their positions with respect
to distance from the ignition bottom. Evidently from both LES and experiments,
increasing the number of baffles gives rise to increased turbulence, faster flames and
shortens the time to reach the peak pressure. Generally, the maximum overpres-
sure also increases when extra baffle plates are added from 00BS to BBBS. From
experiments, the magnitude of the peak pressure increases by about 52% when an
additional baffle is added upstream of the third one, i.e. from 00BS to 0BBS, which
is also excellently reproduced by LES. Interestingly, although configuration BBBS
gives the highest overpressure level as expected, the relative growth is considered
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small when the first baffle is added in configuration 0BBS. Changing from 0BBS to
BBBS, LES predicts an increase in peak pressure by around 18% while it is only by
1.4% in the experiments. It may reveal that the effect of the first baffle is not as
significant as predicted numerically. One possible interpretation is that the DFSD
model tends to overestimate the level of flame wrinkling in this case, while the influ-
ence of turbulence on the flame is practically not that strong when the flame passes
the first baffle. It also explains the slight advance in the calculated time-to-peak
for configuration BBBS compared with experiments. Nevertheless, LES is able to
mimic the pressure rise and fluctuation in the early stage of the explosion. It is
also satisfactory in predicting the peak overpressure, its time of incidence as well as
pressure gradient in all three configurations.
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Figure 7: Propagation speed of the flame’s leading edge from LES and experiments of family 1.
Positions of three baffle plates (B1, B2, B3) and the central square obstacle (Sq.Ob.).
Flame acceleration is responsible for fast burning and subsequent rise in internal
pressure in an explosion enclosure. It is known that the flow around the obstacles
results in an increase of flame surface and it can lead to flame acceleration. In
addition to the ‘geometrical’ factor, turbulence and eddies may also wrinkle the
flame front at the same time. Figure 7 displays the speed of flame leading point from
LES and experimental measurements. Locations of the midpoints of the three baffle
plates (B1, B2, B3) and the central square obstacle (Sq.Ob.) are also annotated in
the figure. Experimentally, flame displacements are derived from the measured LIF-
OH flame images. The speed of the flame leading point is then computed knowing
that high-speed imaging system has a repetition rate of 5 kHz. Numerically, it is
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calculated from the flame position identified by c˜ = 0.5.
In general, the flame speed calculated from LES is in good agreement with ex-
perimental measurements. To understand the phenomenon and mechanism of flame
acceleration, configuration BBBS is taken here for the illustration. Throughout the
explosion event, the flame front speed increases significantly from ∼ 5 m/s close
to the bottom end of the chamber to ∼ 140 m/s near the top exit. Initially, the
flame is laminar and expands hemispherically before touching the side walls. Conse-
quently, the flame front moves relatively slowly within the chamber until turbulence
develops. The leading-edge speed in the early stage is mainly determined by two
factors: 1). the laminar burning velocity of the fuel/air mixture, and 2). thermal
expansion caused by the density difference between the unburned and burned gases.
A slight increase in flame speed can be observed as the flame propagates through
the first baffle, B1. Flame acceleration across B1 seems to be a more of a weak
‘geometrical’ impact on the flame surface, compared to the effect of flame stretch
due to turbulence. Flame speed remains relatively low (less than 20 m/s) between
B1 and B2 and starts to rise again when the flame moves through B2. Interestingly,
a noticeable decrease in flame speed can be observed right after the second baffle
from both LES and experiments. Around B3, flame starts to accelerate remarkably
due to the high turbulence level. A sudden drop in speed is then predicted by LES
after wrapping around the central obstacle and a similar trend is also present in the
experimental measurements. This is likely to be caused by the unavoidable lateral
movement when interacting with the eddies and wake around the central obstacle.
Thereafter, flame speed increases in a quasi-steady manner towards the chamber
exit, as predicted by LES. However, comparison with experiments is not applicable
in the region close to the open end. Notice that in spite of the high congestion
of obstructions, the flame front tends to decelerate after propagating through each
baffle plate mainly due to the lateral movement and interference from vortices and
eddies.
Figure 7 also reveals the effects baffle plates in this series of configurations.
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Comparing configuration 0BBS and BBBS with the case of the single baffle, 00BS,
it is noticeable that increasing the obstruction frequency leads to greater flame
propagation speed in the blow-down region after the last obstruction. The kinks in
the speed profiles are because of the temporary slowdown of the flame front right
before it encounters an obstacle. Globally, LES reproduces the essential dynamic
behaviours of the explosion such as flame acceleration and deceleration in all three
configurations very well. Slight deviations from the experimental measurements can
be noticed when the flame is downstream of the square obstacle in the blow-down
region. This may be partially due to the limited time resolution of high-speed images
considering the high turbulence and flame front speeds within the region.
4.3. Explosion characteristics: family 2
Family 2 consists of configuration B00S, BB0S and BBBS where baffles increase
from 1 to 3 from the ignition end. The explosion characteristics of configurations in
this family and comparison with family 1 are discussed in this section.
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Figure 8: Comparison of predicted and measured pressure-time traces of family 2. Mean experi-
mental pressure signal (dashed line). Statistical envelope (grey background). The range of time
taken to the first peak overpressure in the experiment (“Time to peak”).
Figure 8 and Figure 9 present the pressure history and flame front speed, respec-
tively for this family. Within the family, peak pressure increases with respect to the
number of baffles and its incidence time also advances. This is expected as addi-
tional baffles increase the turbulence level and the interaction with the flame front,
enhancing the burning rate as a result. Compared to family 1, configuration B00S
and BB0S have lower peak pressures than their counterparts 00BS and 0BBS where
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the same number of baffles are applied. It can be observed that for the cases of a
single baffle plate and a square obstacle, moving the baffle from B3 to B1 leads to
∼ 50% reduction in peak overpressure. This is reflected from both experiments and
LES although the peak pressure is somewhat overestimated in LES for case B00S.
It reveals the influence of the baffle position with respect to the square obstacle
and ignition end. Figure 9 proves that for case B00S, the relatively large distance
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Figure 9: Propagation speed of the flame’s leading edge from LES and experiments of family 2.
Positions of three baffle plates (B1, B2, B3) and the central square obstacle (Sq.Ob.).
between the baffle and square obstacle allows the flame to relaminarise before it
reaches the central obstacle. This results in a noticeable small increase in the pres-
sure history after the flame passes the first baffle. Encouragingly, LES is able to
reproduce the first pressure peak for this case though there is a slight time difference
against the experiments. Similarly, for configuration BB0S, the separation between
the second baffle and th obstacle allows the flame to relaminarise. Therefore, it
can be concluded that the distance between the baffle plate and the ignition source
controls the pressure level and the global flame propagation. It is worth mentioning
that relaminarisation can occur in a deflagration if the distance between adjacent
obstructions is sufficiently large. Another interesting observation is that for case
BB0S only, there is a noticeable small pressure peak when it is dropping at around
10 ms. The weak peak has been found to occur when the flame is located between
the central obstacle and the chamber exit, which is also reproduced by LES. From
the numerical perspective, the instantaneous increase in overpressure can be re-
flected by the sudden rise in the flame wrinkling factor or global burning rate within
21
Page 22 of 38
Ac
ce
pte
d M
an
us
cri
pt
the chamber. As mentioned before, there could be trapped unconsumed fresh gases
upstream and downstream the obstructions after propagating past them and they
may be a large source of turbulence depending on the configuration. Therefore, the
subsequent consumption of a relatively large amount of trapped unburned mixture
may contribute to the weak overpressure rise after the main pressure peak in config-
uration BB0S. However, further experimental and numerical investigations of flow
and flame structures around this weak peak are needed for a complete explanation.
Figure 10 and Figure 11 show the comparison of the simulation results of the
main pressure peak with the experimental data. In terms of time, the calculated
values are almost all within the range of experimental errors. The largest deviation
occurs in the case BBBS where it is ∼11% ahead of the experimental average. For
the pressure magnitude, the predictions of configuration 00BS, B0BS and 0BBS are
most consistent with the experiments and the relative error is less than 7%. The
trend of maximum pressure with configurations is also correctly calculated by LES.
Notable discrepancies are found in case B00S and 0B0S where they are overestimated
by ∼ 20 mbar. It is noted that slight over-prediction in peak pressure is also present
in several other configurations (e.g. 000S and BB0S). This may be partly due to the
neglect of the chamber heat loss as a result of the adiabatic boundary condition on
the walls of the chamber. However, as the flame/wall interactions and heat transfer
in a highly unsteady explosion event are not well understood, the present treatment
is thought to be effective.
Comparing Figure 10 with Figure 11, it can be seen that the time to peak
and the magnitude of the pressure peak are not always negatively correlated. For
instance, the maximum pressure of case 0BBS is almost twice that of BB0S, but the
incidence time for the latter is more than 2 ms faster, as indicated by both LES and
the experiment. This may be explained by the difference in the flame front location
where the main pressure peak is reached. The study of obstacle arrangement within
the chamber (Figure 11) also shows that the optimal case for producing internal
pressure is the BBBS configuration which has three baffles and a square obstacle.
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Figure 10: Summary of the time taken to reach the main pressure peak from experiments and LES
for 8 configurations.
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Figure 11: Summary of the magnitude of the main pressure peak at the base of the chamber from
experiments and LES for 8 configurations.
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In this case, the flame stretches to a high level as it passes the three successive
baffles, which is a result of high level of turbulence caused by the baffle plates.
The resulting increase in burning rate leads to acceleration of flame propagation.
Therefore, a large amount of pressure builds up over the obstacles thus a very high
peak pressure occurs.
Calculations and analysis of a range of configurations using LES have been proved
to be successful in predicting the maximum overpressure and exploring aspects such
as the effects of location and number of obstacles as well as the level of blockage. It
may be concluded that in an explosion, the impact of the number and location of
obstacles on the timing of the pressure peak is very complex and simple correlations
may not be applicable. The promising results and details from LES in the small-
scale explosion chamber suggest the possibility of extending the study to large-scale
industrial buildings with complex obstacles.
4.4. Gas expansion and venting in the explosion chamber
This section aims to explicate the mechanisms associated with the accumulation
and release of the chamber internal pressure. The goal is to illustrate the link
between the overpressure history and the flame propagation for explosions in a
vented enclosure using LES. Configuration BBBS is used here as a demonstration
and the analysis can also be extended to all other cases. Figure 12 presents the
spatial distribution of the internal overpressure at five instants from the LES. As
pressure is found to be nearly homogeneous in the cross-section of the explosion
chamber, only the axial profiles are given. It can be seen from Figure 12 that the
pressure remains nearly uniform in the region of obstacles while there is a negative
gradient from the most downstream obstruction towards the chamber exit (250
mm). As expected, the maximum internal pressure is located near the closed end of
the chamber where ignition takes place. Hence, the overpressure monitored on the
chamber base is considered for the analysis and discussion in the rest of the section.
The increase and decrease of overpressure within the explosion chamber can be
directly explained by the competition between the two phenomena: expansion of the
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Figure 12: Spatial distribution of overpressure along the axial direction from the ignition end and
between the first two baffle strips for configuration BBBS. Pressure profiles are extracted from the
LES and the physical times are indicated.
gases and venting at the chamber exit. The rate of gas expansion can be represented
by the rate of volume change of the fresh unburned gases with the burned gases. In
LES, this may be calculated from
V˙expansion =
∂
∂t
Vb
(
1− ρb
ρu
)
(7)
where ρu and ρb are the densities of unburned and burned mixtures, respectively.
The volume occupied by the burned gases, Vb, can be evaluated by integrating c
over the entire computational domain Ω: Vb =
∫
Ω c dV (Wang et al., 2012). The
venting rate is computed as the volume flow rate across the chamber exit:
V˙vent =
∫
Aexit
~u · ~n dA (8)
where ~u and ~n are the velocity and its normal direction, respectively.
Figure 13 displays the rates of expansion and venting and their relation to the
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Figure 13: Pressure rise and oscillations of configuration BBBS illustrated by expansion and venting
of gases. Top: Overpressure time trace from LES. Bottom: Expansion and venting rates evaluated
from LES. Time instants of flame reaching the three baffle plates (B1, B2, B3), the central square
obstacle (Sq.Ob.) and chamber outlet (‘Out’). Time of the first peak overpressure (‘Peak’).
evolution of overpressure in the explosion for case BBBS. Times of flame moving
through the midpoints of all the obstructions are also identified as B1, B2, B3, and
Sq.Ob. The figure also indicates the time taken to reach the peak overpressure and
the time when the flame exits the chamber. When V˙expansion > V˙vent, pressure builds
up inside the chamber. In contrast, V˙expansion > V˙vent will lead to a decrease in
overpressure.
Clearly, from Figure 13, the overpressure history is closely related to the com-
petition between gas expansion and venting. Before the flame reaches the second
baffle, pressure increases gradually in a fluctuating way. A similar pattern can
also be observed from the experimental pressure signals in other configurations, e.g.
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from Figure 8. The fluctuation is represented by the alternative evolution of both
expansion and venting rates. When the flame is at the upstream position of B2,
the explosion chamber is efficiently vented, given that the expansion and venting
rates grow at very close values and the pressure remains relatively low. At this
early stage of the explosion, the expanded volume created by the burned gas from
the combustion process can be properly exhausted through the venting from the
chamber outlet. Overpressure begins to rise sharply between B2 and B3 where the
flame starts to transit from quasi-laminar to fully turbulent. This is reflected by
the significant growth in the expansion rate at almost the same time. Meanwhile,
rapid burning also pushes more unburned mixture towards the chamber exit, in-
ducing a corresponding enhancement in explosion venting. However, a lag between
the two phenomena means that the flow is not sufficiently expelled from the cham-
ber and it gives rise to the pressure rise. Maximum overpressure is reached when
the venting rate takes over the expansion rate. It takes place between the square
obstacle and the chamber open end as it is the furthest obstruction downstream
encountered by the flame. Beyond this point, overpressure drops because venting is
relatively more efficient than combustion for the rest of the fresh gases within the
chamber. At about 10.2 ms, the leading edge of the flame exits the chamber and
the expansion rate stops rising. Combustion is only maintained for a very short
period before decreasing, as a result of burning of the remaining fresh gases at the
corners of the chamber and in the wake area of the obstructions. In the meantime,
the venting rate is adjusted by the acoustic reflection, and consequently, pressure
drops and oscillates towards the atmospheric level. As shown in Figure 13, both
venting and expansion rates decrease in an alternative manner after the flame leaves
the chamber, generating weak peaks observed in the pressure history from LES. The
oscillations of overpressure after the first peak reproduced by LES agree with the
frequency observed in experiments (not shown in this paper) (Al-Harbi, 2013). The
computation of these oscillations is closely related to the size and the velocity bound-
ary condition of the extended computational domain which resembles the external
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atmosphere. However, reliable prediction of pressure oscillations due to acoustics is
outside the scope of this study. The discussion here primarily aims to demonstrate
the identification and quantification of venting and expansion processes related to
the whole overpressure history in an explosion event.
In general, current numerical setup for LES performs excellently in capturing the
details of pressure build-up and fluctuations. The evaluation of venting effective-
ness from LES reveals the direct effect of chamber length and inbuilt obstructions
on overpressure evolution. This analysis is of specific interest since it potentially
offers a systematic and efficient way of design parameter studies such as chamber
length, locations, and sizes of the vents for effective pressure relief in safety-related
assessment.
4.5. Effects of obstacle-generated turbulence
The previous discussion has highlighted that the blockage level, relative posi-
tion and number of obstructions and venting effectiveness influence the explosion
overpressure and flame propagation. The objective of this section is to physically
understand the effects of solid obstacles in the vented explosion using detailed flow
and flame information provided by LES.
Figure 14 shows the snapshots of flame propagation in configuration BBBS at t
= 5.2, 7.5, 8.6, 9.1 and 9.6 ms on the mid-plane of the chamber. In the figure, the
flame front can be identified from the iso-line denoted by c˜ = 0.5 and the turbulence
structures may be seen in the vorticity contour field. In practice, the fresh gas
being pushed away by the burned combustion products can generate vortices and
turbulence ahead of the flame in the presence of an obstruction. Interactions between
the propagating flame front and the surrounding turbulent eddies lead to an increase
in burning rate. Evidently, from Figure 14, vortex shedding is present throughout
the flame propagation and the overall vorticity level rises with respect to time.
Wakes and recirculation zones can be observed spreading on the edge and back of
each baffle bar and the square obstacle. At t = 5.2 ms when the flame is interacting
with the first baffle, the expanding gases generate vortex cores in the wake of B2, B3,
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Figure 14: LES snapshots of flame propagation for configuration BBBS at times 5.2, 7.5, 8.6, 9.1
and 9.6 ms following ignition, from left to right. Vorticity field and isoline of c˜ = 0.5.
and Sq.Ob. downstream even though the flame is still at B1. However, turbulence
is still relatively weak compared to the later stages. At t = 7.5 ms, the wake area
behind the second and third baffles has grown significantly, and the propagating
flame front is stretched by the resulting vortices. At this instant, the most intense
recirculation appears near the vertical sides of the central obstacle. Since B3 and
Sq.Ob. are relatively close, a strong turbulent flow field is generated between them,
as can be seen from the snapshot at t = 8.6 ms. Thereafter, the flame front vigorously
interacts with the turbulent eddies of the region. This largely wrinkles the flame
front, expand the flame surface and consequently, raise the burning rate. After t
= 9.1 ms when it passed the square obstacle, the flame has become wrinkled and
corrugated and the peak overpressure occurs subsequently. At t = 9.6 ms, even if
there is no more obstruction downstream, turbulent structures in this region support
the deflagration and the flame still accelerates until exiting the chamber. However,
the level of flame/turbulence interaction may not increase any further.
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Figure 15: LES snapshots of flame propagation for configuration BB0S at times 4.6, 7.2, 8.3, 9.0
and 9.7 ms following ignition, from left to right. Vorticity field and isoline of c˜ = 0.5.
Figure 15 shows the same snapshots for configuration BB0S as a comparison.
Comparison between the two configurations (BB0S and BBBS) shows that the in-
troduction of obstructions in the path of the flame clearly increases the turbulence
throughout the chamber. The level of turbulence for configuration BB0S is gen-
erally lower than BBBS in various phases of the explosion, as shown in Figure 14
and Figure 15. Besides the difference in flow pattern and flame front structure, the
absence of the third baffle greatly reduces the vorticity magnitude especially in the
wake of the square obstacle. Thus, the flame can relaminarise before touching the
central obstacle. Consequently, the interactions between the flame and the vortices
are much weaker, resulting in a significantly lower (by ∼ 50%) peak overpressure.
After passing the square obstacle, a considerable less wrinkling and surface area of
the flame can be observed, when changing the configuration from BBBS to BB0S.
The snapshots in Figure 14 and Figure 15 clearly identify that the vortex cores
and turbulence interacting with the flame front greatly affect the flame behaviour.
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Note that vortex structures are present in the wake of all obstructions from the
early to the later stage of the explosion. This highlights the significance of capturing
the vortex pattern and the flow dynamics within the chamber in all phases of the
explosion.
5. Conclusion
LES simulations of a stagnant, stoichiometric propane/air mixture have been
carried out to study the mechanism of pressure rise in vented explosions with various
obstacle arrangement.
The considered test cases are a series of experiments conducted in a small-scale
vented explosion chamber where three baffle plates and a central square obstacle
can be installed. The numerical simulation work considered here uses the large
eddy simulation technique. The main advantage of using a DFSD model in LES is
being able to account for flame wrinkling due to obstacle-generated turbulence at
the subgrid scale and dynamically calculate the burning rate for various phases of
the deflagration.
Results from the numerical simulations are first validated against the experi-
mental data. It is proved that LES with the DFSD model is capable of reproducing
key flame characteristics in an explosion event. Comparison between LES and high-
speed images from the experiment shows that the flame is quasi-laminar in the early
stage, but the degree of wrinkling increases as the flame front propagates past suc-
cessive baffles and obstacles. Present numerical setup has been proved successful
in predicting essential safety-related parameters such as the timing and magnitude
of the maximum overpressure and flame propagation speed at distinct stages of the
explosion. In general, the LES predictions for all flow configurations are in good
agreement with experimental measurements of the overpressure and flame propaga-
tion.
Another highlight of the present investigation is the study of effects of solid ob-
structions on the global explosion characteristics. The blockage level, number and
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location of the solid obstacles, and their relative position to the ignition source have
been found to have a significant impact on the magnitude of overpressure and the
spatial flame structure. Numerical study of different groups of configurations reveals
that the pressure rise within the chamber is linked to the position of the successive
obstacles. It can be summarised that the maximum overpressure increases as the
baffle plates are moved downstream from the ignition source or when additional baf-
fles are positioned closely in the sequence. Extensive interactions with obstructions
and wrinkling of the flame front have been observed and they lead to substantial
flame acceleration and pressure rise. However, large separation between the baffles
and the square obstacle allows for sufficient residence time for turbulence decay. This
may result in laminarisation of the flame front unless disturbed by a new obstacle,
causing a lower overpressure.
The overpressure history has been associated with the evolution and competition
of two phenomena inside the chamber: expansion and venting. Identification and
quantification of the mechanisms driving the pressure build-up using LES potentially
provide a systematic and effective way of studying venting efficiency for safe design
of vents in process industries.
The obstacle-generated turbulence is responsible for the large overpressure and
the underlying physics are illustrated by the LES results. Generation of vortices and
turbulence from the obstacles have been observed throughout the explosion. It has
been identified that an explosion event may involve various stages considering the
level of flame/turbulence interactions. In the early quasi-laminar stage, the flame
propagation is relatively slow, and the resulting overpressure remains low. While in
the later fully turbulent stage, the flame front strongly interacts with the surrounding
turbulent eddies and is subsequently wrinkled, and it significantly contributes to the
pressure build-up. Therefore, accurately reproducing the flow dynamics in all phases
of the explosion is essential to perform reliable LES.
In conclusion, the pressure rise in a vented explosion is driven by the relationship
between combustion and venting. The timing and the magnitude of the peak over-
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pressure are strongly dependent on the level of flame/turbulence interaction which
originates from the number and location of obstructions. LES is a useful tool for il-
lustrating and quantifying mechanisms of pressure build-up in an obstacle-embedded
environment that are generally encountered in real gas explosions. Although it still
relies on the sub-models used in the simulation, it is promising in predicting essential
safety-related parameters.
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Highlights 
 Pressure rise in the vented explosion is illustrated by gas expansion and venting. 
 Vortices and turbulence generated behind the obstacles wrinkle the flame front. 
 Number and position of obstacles have an effect on flame acceleration and 
overpressure. 
 LES is able to capture key safety-related parameters such as the maximum 
overpressure. 
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